The Duplan strain of murine leukemia virus (MuLV) was initially isolated from organs of X-irradiated C57BL/6 mice and subsequently passaged several times in these mice as a crude extract (9, 25, 27, 30) . This crude virus stock induced a severe immunodeficiency syndrome (25, 31, 32) which has been designated murine acquired immunodeficiency syndrome (32) . Among the several MuLVs present in this crude virus extract, the pathogenic agent has been identified by us (1) and others (4) as a 4.8-kbp defective MuLV. The presence of this defective virus in mice appears to be sufficient for initiation and progression of the immunodeficiency syndrome, since helper-free stocks of the defective virus were found to be highly pathogenic (17) . Interestingly, we found that this defective virus induced oligoclonal expansion of target cells and therefore behaves as an oncogenic virus (17) .
Sequencing of this defective viral genome revealed major deletions in pol and env with a relatively well-conserved gag region (1). A long open reading frame corresponding to the gag/fusion precursor with several modifications in the gag p12 region was identified. Because the defective viral genome appears to harbor sufficient sequences to induce disease, the identification and characterization of the proteins encoded by this genome represent an important step in understanding the exact molecular mechanism of its pathogenicity.
In the present work, we studied the putative gag/fusion protein, since it represents a likely candidate viral gene product which may be involved in the disease process. We found that this gag/fusion protein was indeed encoded by the defective viral genome both in cell-free translation reticulocyte extracts and in fibroblasts harboring the defective provirus, thus representing a major viral protein. Processing, synthesized RNA in 2 ,ul of H20-5 ,ul of [35S]methionine (1, 200 Ci/mmol) at 10 mCi/ml-1.25 p.l of RNasin (Promega) RNase inhibitor at 40 U/,ul-5.75 1.l of H20 in a total volume of 50 ,u1. The resulting products were inspected by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) with or without immunoprecipitation with an appropriate antibody. The pattern was found to be the same for different time points, and therefore, to synthesize higher levels of proteins, we routinely used a 45-min incubation time.
Labeling of cells and immunoprecipitation. SIM.R mouse fibroblasts (39) , SIM.R infected with G6T2 MuLV (39) and/or transfected with defective DuSHNeo DNA (1), the T2 packaging cell line producing Moloney MuLV particles (28) , and the T2 cell clone transfected with defective Du5HNeo DNA (17) have all been described previously. Cells (106) seeded in 60-mm-diameter Petri dishes were labeled for 3 h with [35S]methionine (100 ,uCi/ml) or [3H]myristic acid (500 ,uCi/ml) in methionine-free or complete Dulbecco modified Eagle medium, respectively. Labeling with 32pp; (0.7 mCi/ ml) was performed in 1.5 ml of Dulbecco modified Eagle medium lacking phosphate and containing 10% dialyzed serum. A 4-h starvation period and a 5-h labeling period were used. Immunoprecipitation was done essentially as previously described (16) , except for 32p labeling; cold Trisbuffered saline was used to wash the cells instead of phosphate-buffered saline; and 2 mM EDTA was included in the lysis buffer to prevent phosphorylation subsequent to cell lysis (44 to 10 min. The pellet was suspended in phosphate-buffered saline and further purified by passage through a sucrose cushion by the method of Gorski et al. (12) . The resulting pellet was suspended in immunoprecipitation lysis buffer (16) and designated the nuclear fraction. After low-speed (1,000 x g) centrifugation, the supernatant was centrifuged again at 100,000 x g for 60 min at 4°C. The resulting supernatant consisted of the soluble portion of the cytoplasm, while the pellet designated the particulate fraction contained both intracellular and plasma membranes (3).
Virus labeling and purification. Infected SIM.R fibroblasts in 10-cm-diameter dishes were labeled with [35S]methionine as described above. Culture medium (7 to 8 ml) was collected and mixed with -15 ml of unlabeled medium from Moloney MuLV-infected fibroblasts. Virions were pelleted by centrifugation at 150,000 x g for 60 min at 40C, suspended in 0.5 to 0.8 ml of 10 mM Tris hydrochloride (pH 7.4), and layered onto a 10-ml 25 to 45% linear sucrose gradient. After centrifugation at 30,000 rpm in a Beckman SW41 rotor for 16 h, samples (0.5 ml per fraction) were collected from the bottom of the centrifuge tube. Sample of each fraction was used to check density and reverse transcriptase activity (21) . A few fractions showing proper density and the peak of reverse transcriptase activities were pooled. Virions from these pooled fractions were pelleted again and used for immunoprecipitation.
Immunization and preparation of antibodies. Antibodies were raised as already described (13) . A synthetic peptide (N-Asn-Leu-Pro-Pro-Leu-Ser-Lys-Gly-Pro-Val-Lys-LysArg-COOH) made by I.A.F. Biochem International Institute (Montreal, Quebec, Canada) on the basis of nucleotides 1447 to 1485 in the Du5H sequence (1) was conjugated to thyroglobulin by a carbodiimide method. Briefly, 5 mg of the synthetic peptide in 0.5 ml of distilled water (pH 5.5) was constantly mixed with 25 mg-of thyroglobulin (0.5 ml) and 115 mg of 1-ethyl-3-(3-demethylaminopropyl)carbodiimide hydrochloride (0.5 ml) overnight at 4°C. Removal of excess coupling agent was accomplished by 24-h dialysis against 0.9% NaCl. The peptide (100 ,ug) conjugated with thyroglobulin was then emulsified in 1 ml of complete Freund adjuvant plus 1 ml of 0.9% NaCl and injected intradermally into each rabbit. The animals received booster injections of 50 to 100 jig of antigen every 4 to 6 weeks, and blood samples obtained 2 weeks after booster doses were tested for the presence of antibodies and used for immunoprecipitation experiments. Sera were diluted 50-to 100-fold for immunoprecipitation studies. RNA in a rabbit reticulocyte lysate system yielded two major proteins, p60 and p44, and other minor species which were not analyzed further (Fig. 1B, lane 1) . The p60 protein corresponded to the expected size of the gag/fusion protein and could be precipitated with anti-gag plO, p15, and p30 sera but not with anti-gag p12 or normal goat serum (Fig. 1B , lanes 2 to 6). p44 had the same specificity as p60 and was not studied further; it most likely represents an aberrant product of the in vitro reaction.
RESULTS
These results indicated that the gag p60 precursor is the largest major protein encoded by this viral genome and that it showed a reaction to specific antibodies expected on the basis of our sequencing data. Our data also suggested that stop codon readthrough and ribosomal frameshift, generating a larger gag-X fusion precursor, do not occur on this genome, although we cannot exclude the presence of an additional protein unresolved from PrW'a`or present at a much lower level (<10%) than Pr609'K.
Presence of Duplan virus Pr69gag in transfected fibroblasts. To determine whether the Duplan virus encoded this Pr609'9 protein in vivo, a clone of SIM.R mouse fibroblasts transfected with defective Du5H DNA was isolated (nonproducer) (1). By Northern (RNA) blot analysis with Du5H DNA as the probe, we found that this clone produced only the expected 4.2-kb genome-size RNA but no other species (data not shown). These cells were also reinfected with a nonpathogenic ecotropic MuLV (G6T2) (39) . Lysates from both cell cultures were analyzed by immunoprecipitation with various anti-gag sera after labeling with [35S]methionine. Defective Du5H Pr602'' was detected with anti-gag p15, p30, and plO, but not with anti-p12, in both nonproducer and MuLV-reinfected producer fibroblasts (Fig. 2) . In nonproducer cells, no other proteins encoded by the DuSH genome were identified, suggesting that no larger gag-X precursor to Pr60"g' was synthesized and that Pr609'9 was not cleaved in these cells.
In MuLV-infected producer cells containing or not containing Du5H DNA, the expected additional proteins encoded by the helper MuLV were detected with some of these anti-gag sera, namely, the gag-pol Prl80 precursor, Pr65gag, and cleaved p30 (Fig. 2) . The cleaved p15 and plO proteins were not expected to be detected in this experiment, as they lack methionine residues. The helper p12 protein was not detected in this experiment, most radiation leukemia virus (39) , ecotropic Moloney MuLV, and amphotropic 4070A MuLV (7) (Fig. 3C) , indicating some specificity for the defective Pr60YA' protein. This antiserum also precipitated a cellular protein of about 75 kDa in both normal uninfected and infected NIH 3T3 and SIM.R fibroblasts ( Fig. 3B and C) , which was eliminated by the specific peptide (Fig. 3B, lanes 4 to 7) . When the immunoprecipitation was done in denaturing conditions (0.5% SDS), this protein was no longer detectable (data not shown), suggesting that the epitope recognized by our antiserum was no more available. This antiserum also recognized the cleaved Du5H p12-related protein present, apparently in a small amount, in virions (pll) (see Fig. 7 ) and in cells (pll and p26 intermediates) harboring Du5H and Moloney MuLV (Fig.  3B, lanes 4 to 7) . Myristylation of Duplan virus Pr60gag. Myristylation appears to be a common feature of gag polyproteins of many mammalian retroviruses (45) . It is believed to be responsible for the membrane localization (14, 43) and processing (40, 43) of the MuLV gag precursor and for virus assembly and MuLV particle formation (23, 40, 43) . Defective Duplan virus Pr60ga has the same structure as myristylated Pr659'' of helper MuLVs and has also conserved the second N-terminal amino acid residue, glycine (1), which is essential for attachment of the myristylated group (14, 42, 45) .
To determine whether Pr6V'g was myristylated, the packaging cell line P2 (28) was transfected with Du5Hneo DNA (17) . A G-418-resistant clone was selected and labeled with [3H]myristic acid for 3 h, and the cell lysate was analyzed by immunoprecipitation with anti-gag p30 serum. As expected, PrO5gag from the helper Moloney MuLV was the only major myristylated protein detected in T2 cells (Fig. 4, lane 1) . In P2 cells harboring the defective Du5H viral genome, an additional myristylated protein with an apparent molecular mass of 60 kDa was detected (Fig. 4, lane 2 (8) .
Phosphorylation of p12 has been shown to be on serine residues. Our sequence of Du5H shows that it has the potential to encode a p12 protein with eight serine residues (1).
To determine whether Pr60Y'9 was phosphorylated, the P2 cells used for the myristylation study were incubated with 32pp; for 5 h and analyzed by immunoprecipitation with anti-p30 serum. Helper Moloney Pr659'9 was found to represent a major species of phosphorylated proteins in P2 cells (Fig. 5, lane 1) . In T2 harboring the defective Du5H viral genome, an additional major phosphorylated protein with an apparent molecular mass of 60 kDa was detected with both anti-p30 serum and specific R antiserum (Fig. 5,  lanes 2 and 4) , indicating that the defective Duplan Pr609'9 was phosphorylated. Subcellular localization of Duplan virus Pr60gag. The myristylated Pr65Ra'' protein of MuLV is usually found attached to the plasma membrane (14, 43) . To determine whether the Pr60W'y protein of the defective Duplan virus was also located in the plasma membrane, the clone of P2 packaging cells used previously and harboring defective Du5H DNA was labeled with [35S]methionine for 3 h and fractionated by differential centrifugation into cytosol, particulate (membrane), and nuclear fractions as described in Materials and Methods.
The viral proteins were then detected with anti-p30 serum. Most of the labeled proteins present in these cells and immunoprecipitated were in the membrane fraction, including the Pr659'9 and Pr6Yg proteins, respectively, from helper Moloney and defective Duplan viruses (Fig. 6 ). Very little of the gag precursors was found in other fractions. Two major cleavage products (p30 and p40), most likely originating from the helper Moloney Pr65R'a precursor (see Discussion), were present in these cells (Fig. 6, lanes 2 and 4) . These were also located predominantly in the membrane fraction, as expected, since cleavage and processing of the gag/fusion protein are temporally and physically linked with the budding and formation of virions particles, both occurring at the plasma membrane (43, 49 virus Pr6W'9/fusion protein appears to have the same cellular localization as the helper PrW52"'( protein previously found to be on the plasma membrane (8, 43) .
Assembly of Duplan viral Pr60ff`into virions. It has been shown before that attachment of MuLV PrW`52tl to the plasma membrane is essential for virus assembly (40, 43) . However, cleavage of this gag precursor seems to occur only during budding or in virions (5, 8, 24, 43) . Since Duplan virus Pr609'1' is myristylated and attached to the plasma membrane, it would be expected to bud and be incorporated into virions by itself, since the gag precursor appears to be sufficient for particle formation (8, 11, 48 ons, and banded on sucrose density gradients. Fractions containing the highest reverse transcriptase activities (density, -1.16 g/ml) were pooled and used for immunoprecipitation with anti-p30 and anti-p12 sera and with antisera (R) specific for the p12 region of Duplan virus Pr6W'9 (see above). In control T2 cells, most of the labeled proteins detected with anti-p30 and anti-p12 were the cleaved products p30 and pi2, respectively, and almost no Pr659'9 was present (Fig. 7, lanes 4 and 5) , as previously reported (8) . T2 cells harboring the Du5H provirus released virions containing the Pr6W'g molecule, which was easily detected with anti-p30 serum and R antiserum (Fig. 7, lanes 1 and 3) . As shown above (Fig. 1) , anti-p12 serum also reacted poorly with Pr60g in virions (Fig. 7, lane 2) . In virions, Pr609'' was only partially cleaved, generating a small amount of a product, pll, which migrated slightly faster than helper Moloney p12 and was recognized only with R specific antiserum (Fig. 7, lane 3) .
Interestingly, the levels of helper Moloney PrO5M"'' were relatively higher in viruses from T2 cells harboring Du5H DNA as detected with both anti-p30 and anti-p12 sera (the ratio of p12 over Pr659'' was >1.1 in virions from T2 cells harboring the Du5H provirus and >10 in virions from T2 cells) (Fig. 7, lanes 2 and 5) . Also, the partially cleaved gag product, p40, previously detected in cell extracts (Fig. 2,  lanes 12 and 16; 3C , lanes 3 and 5; and 6, lanes 2 and 4) was still as abundant as p30 proteins in virions (Fig. 7, lanes 1) and did not appear to be further cleaved after incorporation into virions. However, in contrast to gag precursors of the other retroviruses, including MuLV, which appear to be sufficient for particle formation (8, 11, 24, 48) , no particles were released by cells synthesizing the Du5H Pr6O gag! fusion protein in the absence of helper MuLV (Fig. 7, lane  8) . In our experimental conditions, particle release at a level [3S]methioninelabeled virions were collected and purified as described in Materials and Methods. Virion proteins released by T2 NIH 3T3 cells (lanes 4 to 6), T2 NIH 3T3 cells harboring the Du5H defective genome (lanes 1 to 3) , SIM.R fibroblasts infected with ecotropic G6T2 MuLV (lane 7), or SIM.R fibroblasts transfected with Du5H DNA (lane 8) were precipitated with goat anti-gag p30 (lanes 1, 4, 7, and 8) or anti-gag p12 (lanes 2 and 5) serum or rabbit R2 antiserum (lanes 3 and 6). A 5 to 20% gradient SDS-PAGE gel was used.
of 5% of that of helper particles would have been easily detected.
These results show that Duplan virus Pr6W'9 (i) forms phenotypically mixed particles with helper proteins, (ii) is itself only partially cleaved in those phenotypically mixed virions, (iii) interferes with proper cleavage of the helper gag precursor, and (iv) is not sufficient by itself to form particles.
DISCUSSION
The defective Duplan virus was found to be the pathogenic agent of murine acquired immunodeficiency syndrome (1, 4). It was therefore important to identify the protein(s) encoded by its genome and to characterize it. In the present study, we were able to identify a major protein encoded by this virus. It is a gag/fusion protein of about 60 kDa which is slightly smaller than the gag precursors of other helper MuLVs and has a modified p12 region. Like the gag precursors of other MuLVs, Pr6O gag is a polyprotein made of distinct proteins which were recognized with four different sera (anti-p15, anti-p30, anti-plO, and specific anti-p12 R antibodies that we raised). Its reduced size and lack of reaction with anti-gag p12 antibodies were expected because its p12 region is shorter and largely divergent from those of other MuLVs (1). Therefore, this gene product corresponds to the putative protein deduced from our sequence of the viral genome (1).
Chattopadhyay et al. (4) have reported a 60-kDa gagrelated protein expressed in cells harboring the defective viral genome. In contrast to our results, they were able to precipitate this protein with anti-p12 antibodies. The discrepancy most likely reflects the anti-p12 antibodies used by the two groups: these may well recognize different epitopes.
The defective Pr6O gag/fusion protein is not cleaved in nonproducer fibroblasts but is partially cleaved in cells superinfected with helper MuLV. This protein was found to be myristylated, phosphorylated, and associated with the cell membrane, like wild-type helper gag precursors. In contrast to these, it is not released on particles into the medium in the absence of helper MuLV proteins, although previous studies have suggested that gag is the only viral gene product needed for budding and particle formation (8, 11, 22, 24, 48) and that processing of the gag precursor does VOL. 64, 1990 on July 6, 2017 by guest http://jvi.asm.org/ Downloaded from not even appear to be a prerequisite for the budding process (5, 11, 22, 24, 48 (8, 47) . Our data suggest that the Pr609''/fusion protein is likely to be the only gene product of this defective MuLV.
Since this defective virus is pathogenic (1), its major gene product, Pr60V'', which may also be its only encoded protein, is likely to be involved in the pathogenesis of the disease, although our present data do not address this point directly. We previously postulated that this virus behaves as an oncogenic retrovirus on the basis of the fact that it induces oligoclonal expansion of target cells in the absence of virus replication (17) . Therefore, the role of the Pr6Ogag/ fusion protein may be that of an oncoprotein. The mechanism by which such a protein would participate in cell transformation is totally unclear. Its membrane location suggests that it interacts with other membrane-bound proteins, although it could also interact with other non-membrane-associated cell factors (10) . There is no precedent for a direct role of gag proteins in growth dysregulation. However, indirect evidence for such a role has been reported. The gag regions of several murine retroviruses, such as Moloney, Friend, and Cas-Br-E MuLVs, have been found, by construction of various chimeric MuLVs, to harbor minor determinants of leukemogenicity, sometimes with no apparent effect on the viremia (7, 15, 19, (34) (35) (36) . Also, the avian osteopetrosis virus has been reported to harbor the major determinant of pathogenicity within its gag region (41) . In addition, recently, six amino acid residues from the gag amino terminus, fused to the oncoprotein v-erbB, have been found to increase the transformation potential of this protein significantly (2). Furthermore, gag proteins are known to interact with cellular factors. The gag p30 protein has been identified as the critical viral protein necessary for Fv-J-mediated cellular restriction of MuLV replication, presumably interacting directly or indirectly with the Fv-1 gene product (6, 18, 37) . Also, during budding, the Pr65"' precursor is likely to interact with other (unidentified) membrane proteins for specific localization and promotion of budding. However, gag-encoded proteins are still too poorly understood for an explanation of their specific roles in each step of the virus cycle. For example, no function has ever been reported for the gag p12 protein, which was, for this reason, excluded from the current nomenclature of retroviral proteins (26) . It is intriguing that the most divergent sequence of Duplan defective viral Pr6W'' resides within p12, suggesting that it harbors the determinant of pathogenicity for this virus.
Therefore, considering the circumstantial evidence for a role of the gag region in MuLV leukemogenicity and avian osteopetrosis and the dramatic effect of gag residues on v-erbB transformation, we hypothesize that the Pr6W0gl fusion protein from the defective Duplan virus is implicated in cell transformation by this virus, possibly behaving as an oncoprotein. Our present data on the structural characteristics of this protein should help in testing this hypothesis. We are grateful to Jolanta Gutkowska for helping with antibody preparation. We thank Marie Bernier for preparing the manuscript. 
